Tca2 is a Ty1/copia-type retrotransposon from the pathogenic yeast Candida albicans. It was originally identified as an abundant, linear, extrachromosomal, double-stranded DNA molecule. Here we show that Tca2 is widespread in C.albicans, but that the abundance of extrachromosomal Tca2 DNA varies greatly among different strains and is strongly dependent on the growth temperature. The relative levels of Tca2 RNA vary in a similar pattern to the extrachromosomal DNA, raising the possibility that the variations in extrachromosomal DNA levels are introduced predominantly at the level of transcription. We have also analysed the retrotranspositional activity of the element by developing a transposition assay involving a cloned Tca2 element tagged with a selectable marker gene that is activated by passage through an RNA intermediate. We show that the marked Tca2 is transpositionally active as transposed copies of the marked element became integrated at a variety of new positions in the genome and an intron in the donor element was precisely removed in the newly transposed copies. This is the first report of transposition in C.albicans.
INTRODUCTION
Retrotransposons are mobile genetic elements capable of autonomous transposition via RNA intermediates (1) . They are widespread in eukaryotes and often make up a large proportion of their genomes. In maize, for example, it has been estimated that at least 50% of the genome is derived from retrotransposons (2) . LTR retrotransposons carry two long terminal repeats (LTRs), typically 250-600 bp in length, flanking an internal protein-coding domain 5-7 kb long. The LTRs contain signals for promoting and terminating transcription and are also required in the reverse transcription process. The internal domain usually contains two open reading frames (ORFs) known as gag and pol. The gag ORF encodes proteins that make up the major structural component of a cytoplasmic particle in which reverse transcription occurs. The pol ORF encodes enzymes (reverse transcriptase, ribonuclease H, protease and integrase) which are involved in making a double-stranded DNA copy of the retrotransposon mRNA and inserting it into the host genome.
Several LTR retrotransposons present in yeast have been shown to be active, for example Ty1, Ty2 and Ty3 of Saccharomyces cerevisiae, Ty5 of Saccharomyces paradoxus and Tf1 and Tf2 of Schizosaccharomyces pombe (3) (4) (5) (6) . Using these model systems, it has been possible both to dissect the functional components of these elements, and to examine what influence the host organisms have on their transposition (7) (8) (9) (10) (11) . For instance, several retrotransposons have been shown to be regulated by host transcription factors (12) .
The chromosomal integration site of many retrotransposons appears to involve some degree of target site selection. Ty3 integrates within a few base pairs of RNA polymerase III (Pol III)-transcribed genes, via its interaction with Pol III transcription factors. The integration of Ty5 is typically near telomeres or the silent mating loci (5) . The targeting of other well-studied retroelements is generally less precise. For instance, Ty1 often integrates near Pol III-transcribed genes, but it can integrate near and within RNA polymerase II (Pol II)-transcribed genes and within pre-existing LTRs (13) . Tf1 integrates within long intergenic regions between Pol II-transcribed genes (6) .
We previously described an unusual retrotransposon from the pathogenic yeast, Candida albicans (14) . This element, Tca2, is 6426 bp long and contains two long ORFs, similar to the gag and pol ORFs of other retrotransposons, which are flanked by 280-bp LTRs. Tca2 was originally identified as an abundant, extrachromosomal, linear, double-stranded DNA molecule (known as pCal) present at an estimated 50 copies per cell. No other retrotransposons are known to produce such abundant extrachromosomal DNA copies.
In this paper we describe various aspects of the Tca2 element in some detail. Most importantly we show that Tca2 is a retrotranspositionally active element. This is the first report of transposition in C.albicans.
MATERIALS AND METHODS

Strains and culture conditions
The C.albicans strains analysed were hOG759 (ade1 met2), hOG1042 (ade2) and hOG1051 (an ade2 ura3 derivative of hOG1042) (all derived from iB65) (14) , ATCC10261 (15) , F16932 [a prototrophic clinical isolate from Poulter,R. (Bath, UK), unpublished], SA40 (16) , SC5314 (17) , SGY269 (ura3) (18) , hOG963 (an ade2 ura3 derivative of SGY269, Poulter,R., unpublished) and CAI-8 (ade2 ura3) (19) . The strains were grown at either 27 or 37°C in YPD medium (1% yeast extract, 2% peptone, 2% glucose) or YNB (0.7% yeast nitrogen base, *To whom correspondence should be addressed. Tel: +64 3 4797856; Fax: +64 3 4797866; Email: russell@sanger.otago.ac.nz 0.5% glucose) supplemented with adenine and uridine, where appropriate.
Enzymes
Restriction enzymes, Expand high fidelity PCR system, RNase A, Klenow, DNase I and Proteinase K were purchased from Roche, GmbH, Germany. T4 DNA ligase was supplied by Promega, Madison, WI. Zymolyase 100T was purchased from Seikagaku Corporation, Tokyo, Japan. Strataclean was supplied by Stratagene, La Jolla, CA.
Candida albicans nucleic acid isolations
For DNA isolations, cells were grown at 27 or 37°C to an A 600 of ∼1.0. DNA for Southern blots and PCR was prepared as described by Philippsen et al. (20) . Small scale DNA preparations for inverse PCR were performed using High Pure PCR Template Preparation Kits purchased from Roche, GmbH, Germany.
RNA extractions were performed from cells grown in YPD medium at either 27 or 37°C to an A 600 of ∼1.0, using the method of Schmitt et al. (21) .
Southern and northern blotting
DNA was electrophoresed through ∼1% agarose and transferred to Hybond-N+ nylon membranes (Amersham), by alkaline transfer, essentially as described by Sambrook et al. (22) . Probes were radiolabelled with [α 32 P]dCTP by randomprimed labelling using Hexanucleotide Mix from Roche. Hybridizations were performed at 65°C. The hybridization buffer was similar to that of Church and Gilbert (23) (0.36 M Na 2 HPO 4 , 0.12 M NaH 2 PO 4 , 1 mM EDTA, 7% SDS). Membranes were prehybridised in this buffer for 2 h, the denatured probe was then added in 5 ml of fresh buffer and hybridisation was allowed to proceed for 16-20 h. Post-hybridisation washes consisted of two rinses in 2× SSC at room temperature followed by stringency washes in 0.2× SSC, 0.1% SDS at the hybridisation temperature. Finally membranes were rinsed in 2× SSC then exposed to Kodak X-Omat AR film at -80°C using an intensifying screen. Membranes were stripped for reprobing by rinsing in H 2 O for 1 min, followed by two washes in 0.2 M NaOH, 0.1% SDS at 37°C and then a final rinse in 2× SSC.
Northern blotting was performed essentially as described by Brown and Mackey (24) . After hybridization the membranes were washed twice, for 5 min per wash, in 2× SSC at room temperature, washed twice, for 5 min per wash, in 0.2× SSC, 0.1% SDS at room temperature, and washed twice, for 15 min per wash, in 0.2× SSC, 0.1% SDS at 65°C. Finally, the membranes were rinsed in 2× SSC and exposed to X-ray film at -80°C.
The films from the Southern and northern blots were scanned using a Bio-Rad GS-670 imaging densitometer. The brightness/contrast of the whole scan was adjusted for printing using Adobe Photoshop 3.0.
Recombinant DNA manipulations
Bacterial plasmids were prepared using an alkaline lysis/polyethylene glycol precipitation method from Applied BioSystems. Sequencing was performed using a combination of subcloning and specifically designed oligonucleotide primers. Sequences were determined on an ABI 377 DNA Sequencer and edited using SeqEd 1.0.3. PCRs were performed on an Autogene II programmable cycling water bath from Grant Instruments, Cambridge. Primers were synthesised on an ABI 380B oligonucleotide synthesiser or purchased from Genset Singapore Biotech., Singapore.
Transformation of C.albicans
Candida albicans transformations were performed using a modification of a PEG-mediated transformation protocol (25) . Modifications were such that β-glucuronidase was replaced by 1 mg/ml Zymolyase 100T, β-mercaptoethanol replaced DTT, and the cells were plated directly onto osmotically supported medium (YNB + 3 × 10 -3 M uridine + 1 M Sorbitol) without an agar overlay.
Construction of a tagged Tca2 element
A cloned copy of the Tca2 element was tagged with a URA3 gene under the control of its own promoter. This URA3 gene (26) was disrupted by the insertion of a small (84 bp) intron from the C.albicans peptide transporter gene (27) close to the start of the ORF. The intron, with an enhanced polypyrimidine tract (27) , was synthesised from two complementary oligonucleotides. The intron was inserted, in both orientations, into the unique HindII site of a 967-bp URA3 gene with its own promoter. The URA3/intron construct was inserted as a PstI fragment into Tca2 at a synthetic NsiI site, generated by sitespecific mutagenesis (28) , near the end of the pol ORF [at position 6084 of the GenBank sequence AF007776 (14) ]. The URA3 gene was inserted in both orientations with respect to Tca2. These constructs were used to test the ability of the intron to be spliced from the URA3 gene. The construct containing the URA3 gene in the reverse orientation to Tca2 and the intron in the same orientation as Tca2 was used for subsequent experiments. The C.albicans ADE2 gene (29) was introduced into this vector outside the 3′ LTR of Tca2, to produce the plasmid pRUIA. This plasmid was linearised at the unique XbaI site in the ADE2 gene then stably integrated into the ADE2 loci of strains hOG963 and hOG1051. Stable ade2 + , ura3 -transformants (named H963R and H1051R, respectively), which contain integrated copies of the marked element, were obtained.
In a separate experiment, the URA3-tagged Tca2 was also introduced into CAI-8 (ade2 ura3), by first adding a C.albicans origin of replication (25) into pRUIA. Transformants were selected on medium without adenine, and grew as unstable, irregular, white and red colonies. This suggests that the ADE2 gene was carried by a extrachromosomal plasmid. Subsequently, stable, white, ade2 + , ura3 -colonies were isolated from the original unstable transformants. The stability suggests that the plasmid had integrated into the host genome. One of these stable ade2 + , ura3 -isolates, W3, was used in further analyses.
Tca2 transposition assay
Candida albicans H963R, H1051R and W3 were grown overnight in YPD at 27 or 37°C. Approximately 10 7 cells of these cultures were then plated onto YNB media containing 4% casamino acids and grown at 27 or 37°C, for 4-7 days. Potential retrotransposition events were indicated by the appearance of ura3 + colonies.
Sequencing of Tca2 insertion sites
The sequences of the insertion sites were determined by inverse PCR. Genomic DNA was first digested with NlaIII or TaqI. The enzymes were then inactivated by heating to 65°C for 20 min or using Strataclean, respectively. Ligations were performed with DNA at a concentration of ∼20 ng/µl and T4 DNA ligase, according to the manufacturer's instructions. Inverse PCR primers were designed to the 3′ URA3/Tca2 junction (ATGAATTATCATTGAAGAACTGCATTAAC) and within the URA3 gene adjacent to the site (underlined) at which the intron was inserted, so as to bind effectively only in the absence of the intron (ATTCTAGACAAAAGATAT-GACAGTCAAC). PCR reactions were then performed using 200 ng of ligated DNA and Taq polymerase, in a total volume of 100 µl. The sequence of the PCR products was obtained by direct sequencing using the sequencing primer (TCGTAAT-GCTCAATCAGGGGAGTG).
Sequence analyses
The locations of the tagged Tca2 elements in the genome were determined by comparing the sequences generated by inverse PCR with the C.albicans genomic sequences, generated by a C.albicans genome sequencing project at the Stanford Genome Technology Center (http://www-sequence.stanford.edu/group/ candida). The database used was assembly 6. The annotations and ORF assignments were as determined in the genomic database. To produce a description of the C.albicans intergenic regions we analysed sequences from 24 contigs from assembly 4 (contig4-3084 to contig4-3108), which contained 593 intergenic regions. Intergenic regions were determined by translating each contig, using only nonoverlapping ORFs, and calculating the distance between each ORF. A minimum ORF size of 300 bp was used to decrease the likelihood of including noncoding ORFs in the analysis. Motif searches were performed using MEME (30) . Searches for tRNAs were performed using tRNAscan-SE (31).
RESULTS
Levels of extrachromosomal Tca2 DNA
The retrotransposon Tca2 was originally identified as an abundant, extrachromosomal DNA molecule, in the C.albicans strain hOG1042 (14) . Such extrachromosomal DNA had not been reported in any other C.albicans strain, suggesting that this abundance of Tca2 extrachromosomal DNA was peculiar to this strain. To investigate this phenomenon further we analysed a variety of strains for the presence of extrachromosomal Tca2 DNA by Southern blotting. The strains examined included hOG1042 and its close relative hOG759, two recent clinical isolates (SA40 and F16932), and three common laboratory strains (SGY269, SC5314 and ATCC10261). Figure 1A shows a Southern blot containing approximately equal amounts of uncut genomic DNA isolated from 27 and 37°C cultures of four of these strains, hybridised to a probe derived from the internal region of Tca2. Bands hybridising to the Tca2 probe were detected in all of the C.albicans strains examined, showing that this element is widespread in the species. The full-length extrachromosomal Tca2 DNA is evident as a band running at ∼6.5 kb with the large molecular weight DNA bands (<20 kb) representing hybridisation to chromosomal copies of Tca2. In addition, hybridisation to lower molecular weight DNA (3-4 kb) was observed. These bands probably represent incomplete reverse transcripts, similar to those observed for Ty1 (32) . The highest level of Tca2 extrachromosomal DNA was observed in hOG1042. The other strains contain considerably less extrachromosomal Tca2 DNA. No extrachromosomal Tca2 DNA was detected in ATCC10261. All strains which contain detectable levels of extrachromosomal Tca2 also show a temperature-dependent variation in levels, with substantially more extrachromosomal DNA being detected at 37 than at 27°C.
Strain-and temperature-dependent variation of Tca2 transcript levels
The transcriptional activity of Tca2 was analysed by hybridising northern blots, containing RNA isolated from 27 and 37°C cultures of a variety of C.albicans strains, to a probe derived from the internal region of Tca2 (Fig. 1B) . In all the strains examined one or more bands hybridising to the Tca2 probe were detected. The most prominent band in each strain corresponds to RNA molecules of sufficient size to be fulllength transcripts. Interestingly, in each strain, these fulllength transcripts are much more abundant at 37 than at 27°C, similar to the pattern observed for the extrachromosomal DNA levels. In addition, there also appears to be a good correlation between the amounts of Tca2 RNA in different strains and the amounts of extrachromosomal DNA. Given the likelihood that the Tca2 RNA is an intermediate in the synthesis of the extrachromosomal DNA, this raises the possibility that most of the variations in the levels of extrachromosomal Tca2 DNA are a consequence of similar variations in the RNA levels. It is also possible, however, that some degree of transcription of the extrachromosomal DNA molecules also contributes to the correlation between extrachromosomal DNA and RNA levels.
Variation in chromosomal Tca2 copy numbers
Interstrain variation of both Tca2 extrachromosomal DNA and RNA levels may simply reflect the number of copies of Tca2 in these strains; for instance, strains carrying more copies of Tca2 might produce more transcripts, as a result of the cumulative contribution of each element. To investigate this possibility, Southern blots containing EcoRI-digested DNA from a variety of C.albicans strains were hybridised to probes derived from the internal region of Tca2 to determine the number of integrated Tca2 copies per strain (an example of these Southern blots is shown in Fig. 1C ). The DNA for these analyses was isolated from cells grown at 27°C to minimise the interference from the extrachromosomal reverse transcripts, since only low levels of extrachromosomal DNA are present at this temperature. In four of the C.albicans strains the element is present at just one or two copies per cell. In the other two strains, however, it exists at a higher copy number: at least five in F16932, and 10 or more in hOG1042. The banding patterns obtained with the Tca2 probe can be seen to vary considerably from strain to strain. This finding suggests that Tca2 has been active in these strains since they diverged. The number of copies of Tca2 in each strain correlates well with the chromosomal band intensity seen in the Southern blot containing uncut genomic DNA (Fig. 1A) . Interestingly, the two strains with the highest Tca2 copy numbers (F16932 and hOG1042) also have the highest levels of Tca2 transcripts. Similarly, SC5314, with apparently just a single copy of Tca2, has a lower level of Tca2 RNA than ATCC10261 (two copies). These findings show that there is some correlation between Tca2 RNA levels and Tca2 copy numbers, although additional factors also appear to influence the levels of RNA (see below).
Tca2 is capable of transposition
The abundance of full-length, double-stranded, extrachromosomal copies of Tca2 in some strains suggests that some Tca2 elements are capable of performing all the steps of the replication cycle, up to and including the generation of full-length double-stranded DNA molecules. It is not clear, however, whether the abundant extrachromosomal forms contribute to high levels of Tca2 transposition in these strains, or if they are a result of some blockage of the integration or degradation processes. To investigate these possibilities three C.albicans strains, that vary in the number of integrated copies of Tca2 they contain, and in the amount of extrachromosomal DNA they produce, were grown continuously for ∼35 days at 37°C. Serial subcultures were made every second day. After the growth period, genomic DNA was prepared from 10-12 independent isolates derived from each of the three strains, and from each of the parent strains. Several of the new isolates were deliberately selected as slow-growing derivatives. The number of copies of Tca2 in each strain was then estimated by Southern blotting using a probe derived from the internal region of Tca2 (Fig. 2) . No new bands were detected in strains derived from ATCC10261 or SA40, although SA40 is known to produce full-length double-stranded DNA copies of Tca2 (data not shown). In contrast, most of the derivatives of hOG1042 had additional bands, usually 2 or 3, although 9 extra bands were recorded in one derivative. None of the hOG1042 derivatives lacked a band present in hOG1042. The new bands are, therefore, not due to rearrangements of the existing Tca2 insertions, but represent additional copies of Tca2. These findings suggest that Tca2 is capable of transposition, and that transposition occurs at a sufficiently high frequency that it can be detected without selection. It is also clear that Tca2 is much more active in hOG1042 than in the other two strains.
Tca2 retrotransposition assay
To study several aspects of the Tca2 system, including its retrotranspositional activity and possible target site preference, as well as strain-dependent influences on Tca2 replication, we developed a retrotransposition assay using a Tca2 element tagged with a URA3 gene under the control of its own promoter. The URA3 gene was disrupted by the insertion of a small intron which was inserted in either forward or reverse orientations (with respect to the URA3 gene) to allow analysis of the intron processing. The intron-containing URA3 gene was inserted into the extreme 3′ end of the Tca2 pol ORF, in both orientations with respect to Tca2 transcription. Transformation of these constructs into ura3 -strains of C.albicans initially showed that the URA3 gene was functional in either orientation with respect to Tca2, but only when the intron was in the correct orientation with respect to the URA3 gene itself. Thus, the URA3 gene was expressed when embedded within Tca2 sequences, and the intron was processed normally.
The retrotransposition assay was conducted using the construct in which the URA3 gene was inserted in the opposite orientation with respect to Tca2 and was disrupted by the insertion of an antisense intron. Since the intron is, therefore, in the same orientation as Tca2 transcription it can potentially be spliced out of full-length retrotransposon transcripts of the marked element, but not from transcripts generated off the URA3 promoter. Therefore, in principle, the URA3 gene can only lose the intron when the element goes through a cycle of retrotransposition (Fig. 3) . The vector carrying the marked Tca2 element was introduced into the genomes of hOG1051 and hOG963 on the basis of it complementing the ade2 auxotrophies of these strains, as described in Materials and Methods. The initial transformants were selected on the basis of the ADE2 gene carried on the vector. The linearised element was introduced into hOG1051 (a ura3 ade2 derivative of hOG1042) at the defective ade2 locus, producing the strain H1051R, and also into the ade2 locus of strain hOG963 (a ura3 ade2 derivative of SGY269) producing strain H963R. Southern analysis was performed on these strains to ensure the presence of the tagged Tca2 and the location of the integration. H1051R has two copies of the URA3-tagged Tca2 whereas H963R contains a single copy (not shown). Potential retrotransposition events were subsequently identified by the generation of ura3 + colonies from the ade2 + ura3 -strains. This assay is similar in principle to the assays previously developed to study retrotransposition of the Ty elements in S.cerevisiae (1, 33, 34) .
A high frequency of ura3 + colonies (10 -5 -10 -6 ura3 + colonies per cell plated) was obtained by growing the strains containing the marked Tca2 elements in rich medium at 37°C overnight and plating appropriate volumes of the resulting cultures onto medium lacking uridine. Analyses of these ura3 + colonies showed that their ura3 + phenotypes were stable at both 27 and 37°C. Southern analysis showed that many of these colonies contained additional integrated copies of the URA3-tagged Tca2 element not found in the parent strains (Fig. 4) . Inverse PCR products containing the intron insertion site, the 3′ LTRs and the genomic DNA flanking the new tagged Tca2 elements were then obtained. Sequencing of these PCR products revealed that the intron had been precisely removed from each element, indicating that the elements had transposed through RNA intermediates. In addition, each element was flanked by C.albicans genomic DNA, confirming that the elements were integrated into the host genome. This was true not only for strains which showed extra copies of the tagged Tca2 on Southern blots, but also for those in which no new copy could be detected (see below). The tagged Tca2 elements are therefore capable of retrotransposition. Our analyses, however, indicated that not all the ura3 + colonies were due to retrotransposition. Retrotransposition involves both reverse transcriptase activity giving the RNA-derived double-stranded DNA, and the action of an integrase, inserting the DNA into a new location in the host genome. A number of ura3 + colonies were found, on analysis, to have no additional copies of the Tca2 retroelement. These colonies were most likely produced by one of two possible pathways. The first possibility is gene conversion between the genomic mutant ura3 allele and the ura3 (intron-carrying) transgene, generating a functional URA3 gene from the two non-functional ones. This would not involve reverse transcription. Secondly, they could be generated by gene conversion or homologous recombination between the URA3-tagged DNA product of reverse transcription and one of the mutant genomic ura3 genes or the intron-carrying donor Tca2 element. It is not possible with our data to determine which of these pathways has been used in these particular ura3 + strains. All of the 16 independent ura3 + colonies analysed from H1051R were found to have no additional copies of Tca2. Southern analysis and junction sequencing of the ura3 + colonies derived from another strain, H963R, revealed that approximately half represented the integration of Tca2 at a variety of genomic positions, as shown in Figure 4 . All of the ura3 + colonies derived from W3 (an ade2 + , ura3 derivative of CAI-8) appeared to be the result of the integration of new copies of Tca2.
H1051R carries (homozygously) a ura3 point mutation. It gave rise to numerous ura3 + derivatives, none of which carried an extra copy of Tca2. It seems probable that at least some of these derivatives are due to gene conversion or homologous recombination between one of the mutant genomic ura3 alleles and the introduced ura3 transgene. It is therefore uncertain whether any of these ura3 + derivatives arose from retrotransposition, although retrotransposition was observed with native Tca2 elements in the parental strain, hOG1042. H963R carries (homozygously) an ADE2 gene insertion into ura3 (18) . The proximity of the disruption to the intron inserted in the Tca2 URA3 gene may reduce the incidence of gene conversion or homologous recombination. About 50% of the ura3 + derivatives of H963R carried extra tagged copies of Tca2. Strain W3 carries (homozygously) a deletion of its ura3 genes and their surrounding genomic contexts. This eliminates any possibility of gene conversion or homologous recombination with the native ura3 gene in this strain. Reflecting this expectation, all ura3 + derivatives of W3 carry additional tagged Tca2 elements.
Retrotransposition of an element leads to the integration of an additional copy at a new site. Usually this involves the element-encoded integrase, but integration might be achieved by homologous recombination between the ends of the doublestranded DNA and some homologous genomic sequence. In the present analysis, such homologous targets would be genomic Tca2 sequences and 'solo LTRs'. Few of the H963R events analysed by inverse PCR were in pre-existing Tca2 sequences. Of the 14 W3 events analysed, one was the result of integration via homologous recombination into the left LTR of a pre-existing complete Tca2 element. This suggests that homologous recombination is found significantly less often in this strain than integrase-mediated integration.
Tca2 is preferentially targeted to promoter regions
The strains that resulted from the integration of the tagged Tca2 at positions not ascribed to recombination events were analysed further to determine the integration site preference of Tca2. Genomic junctions of a large number of tagged Tca2 insertions were sequenced in strains derived from H963R and W3.
As can be see in Table 1 and Figure 5 , the majority of insertions occur in the intergenic regions between ORFs. Within these regions there seems to be a preference for the promoter regions, with 92% of insertions closer to start codons than stop codons of ORFs. This pattern of targeting is similar to that seen for Tf1 from S.pombe (6) , although several differences should be noted. Tca2 insertions were observed within ORFs, whereas Tf1 was not observed to integrate into ORFs. Tf1 appears to have a preference for longer intergenic regions whereas no such preference was observed for Tca2. The average length of intergenic regions was estimated for each of the promoter/ terminator combinations from a selection of C.albicans genomic sequences: divergent promoters, 1088 bp; terminatorterminator, 521 bp; and promoter-terminator, 770 bp. From the data presented in Table 1 , there does not appear to be any strong bias towards integration in long intergenic regions. In addition, no integration events were observed within terminator-terminator intergenic regions, further supporting the notion that Tca2 is targeted to regions near promoters.
Other retrotransposons, such as Ty1 and Ty3, are known to integrate near tRNAs or pre-existing LTRs (8, 9, 35) . Analysis of sequences adjacent to the integration sites of Tca2 revealed no such correlation, with only one insertion observed within 500 bp of a tRNA (H963RU53). No insertions were observed within 1 kb of a pre-existing Tca2 LTR (excepting the events determined to be the result of homologous recombination with Tca2 LTRs), indicating no preference for integrating near such elements. Interestingly, two of the insertions (H963RU52 and H963RUAA5) occur within 395 bp of each other, suggesting that this is a hotspot for Tca2 integration. Multiple insertions were not observed at any other site, although further hotspots may be revealed by the analysis of additional integration events.
We compared the sequences adjacent to the integration sites of Tca2 in an attempt to identify sequence elements potentially involved in determining the target site preference of Tca2. Alignment of the integration site sequences did not reveal any strong consensus that could be involved in determining the target site. Analysis of the 5-bp duplication caused by retrotransposon integration, however, revealed some sequence bias: a preference for A and T residues in the three central positions of the target site duplications (Fig. 5B) . This is a similar pattern to that observed previously for S.cerevisiae and C.albicans LTR retrotransposons (36, 37) . Motif searches 500 bp either side of the integration sites, using MEME (30) , revealed the presence of a polypurine motif of ∼15 bases (with a consensus of RAARRARAAAAAARW) near all of the integration sites. This motif was found to be highly abundant in C.albicans, predominantly within intergenic regions. However, the motif, while abundant in the genome, occurred at varying distances from the integration site and may be of little relevance to the targeting of Tca2.
Strain-dependent factors influence Tca2 transcription
Northern analysis of H963R and H1051R was performed to determine the influence the host strain has on the expression of Tca2. Hybridisations performed with a URA3 probe allow identification of the tagged Tca2 transcripts. Substantially more Tca2 transcript was observed in H1051R compared to that observed in H963R (Fig. 6 ). In addition, the temperature dependence that was observed for wild-type Tca2 was also seen for the tagged copies. The tagged Tca2 was introduced into the same locus (ade2) of both strains, and there is no sequence variation between the introduced elements, thus the relative abundance of RNA produced by a particular element is strongly influenced by the host strain.
Expression of Tca2 is influenced by genomic location
During analysis of the ura3 + clones derived from retrotransposition events we observed that some strains grew more slowly on uridine-deficient medium than others (not shown). When the medium was supplemented with uridine all the strains analysed grew at a similar rate. This was thought to be due to the influence of the insertion sites on the levels of expression of Tca2 and the associated URA3 gene. To investigate the effect of the Tca2 insertion sites on the expression of the tagged elements, we compared the levels of Tca2 RNA produced by strains carrying single marked elements at different loci. To do this it was first necessary to remove the original Tca2 tagged with the intron-containing URA3. This Table 1 . Location of Tca2 insertion sites a Annotations assigned at the C.albicans sequence database are shown in capitals. ORFs with partial homology, but not annotated, are shown with lower case letters. When no significant homology could be found ORFs are labelled as hypothetical (hyp). b Distance, in base pairs, taken from the Tca2 insertion site to the nearest base of the 3′ or 5′ coding region. c Outer arrows indicate the direction of the ORFs either side of the Tca2 insertion. The middle arrow indicates the orientation of the inserted Tca2. was achieved by selecting ura3 + cells which had spontaneously become ade2 auxotrophs as a result of intrachromosomal recombination between the two ade2 genes that flank the marked Tca2 donor elements. Such recombinations result in the loss of the donor elements from the cells. The loss of the donor elements and the presence of single marked Tca2 elements in each strain was confirmed by Southern analyses (not shown). The original transgene was removed from eight strains which contained marked transposed Tca2 elements at different loci. Northern analysis using the URA3 gene as a probe indicated that five of the eight Tca2 insertion sites analysed have almost identical RNA levels (Fig. 7) . Strains H963RU80r and H963RUAA1r both have a higher level of marked Tca2 transcripts than the other strains. Interestingly, their insertions are both very close to the 5′ ends of ORFs (74 and 21 bp) and the Tca2 element is in the same orientation as the ORF, suggesting that the expression of Tca2 in these strains may be elevated by the promoters into which the elements have been inserted. Strain H963RUAA8r has a substantially lower level of Tca2 transcripts than the other strains. The insertion in this strain is within an ORF, 316 bp from the start codon and in the same orientation as the ORF. These findings show that the transcriptional activity of Tca2 can be influenced by its genomic context. 
DISCUSSION
The retrotransposon Tca2 was originally discovered due to its appearance as an abundant, extrachromosomal DNA molecule in the C.albicans strain hOG1042 (14) . We have now shown that Tca2 is widespread in C.albicans, but that different C.albicans strains vary greatly in the amount of extrachromosomal Tca2 DNA that they produce and that Tca2 DNA levels are also strongly temperature dependent. The abundance of extrachromosomal Tca2 DNA in different strains correlates well with the abundance of Tca2 RNA. This is most likely because the RNA is an intermediate in the synthesis of the extrachromosomal DNA, although it is possible that transcription of the extrachromosomal DNA also contributes to the correlation.
The correlation between extrachromosomal DNA and RNA levels is not perfect, however. For instance, no extrachromosomal copies of Tca2 were detected in ATCC10261, despite this strain having an abundance of apparently full-length Tca2 transcripts, whereas extrachromosomal Tca2 DNA molecules were detected in SC5314 (not shown) despite this strain apparently having lower levels of Tca2 RNA than ATCC10261. This lack of a perfect correlation between RNA and extrachromosomal DNA suggests that the efficiency of the reverse transcription reaction may differ among strains. In some cases this might be due to sequence differences among the elements in different strains. For example, sequence analysis of genomic copies of Tca2 in hOG759 show variations within their primer binding sites which result in different lengths of complementarity to the primer tRNA fragments (not shown). The variations may also, of course, result from straindependent influences on the efficiency of the process, for instance the abundance of the primer tRNA fragment may vary in different strains.
The levels of Tca2 RNA found in different strains appear to be related to the numbers of Tca2 elements in the strains, with strains having more copies generally having higher levels of RNA. However, the introduction of identical tagged elements into two different strains (hOG1051 and hOG963), at the same genomic location, resulted in very different levels of transcript. Similarly, marked Tca2 elements located at different sites in the genome were found to give rise to different levels of RNA. These findings indicate that not every Tca2 element produces the same level of RNA. The variations are probably produced both by strain-dependent factors, such as differences in the abundance of important transcription factors, and differences in the sequence and genomic context of the elements themselves.
While the relative amounts of transcript differ between strains, all strains analysed show a similar temperature-dependent expression pattern. Temperature-dependent regulation of transcription has also been observed for the C.albicans retrotransposon Tca1, although, in contrast to Tca2, higher levels of Tca1 expression were observed at 25 than at 37°C (38) . Retrotransposition efficiency of Ty1 in S.cerevisiae is sensitive to increased temperature, while Tf1 transposition in S.pombe is unaffected by temperature increases from 22 to 36°C (39) . Temperature-dependent expression and a controlled rate of Tca2 retrotransposition may be important in the evolution and virulence of C.albicans.
Homologous recombination of retrotransposons, either via LTRs or complete elements, has been observed for other retroelements (40, 41) . Such homologous recombination of retroelements has been shown to be independent of the integrase, suggesting that recombination is not directed by the integrase (40) (41) (42) . It is clear that in W3, the C.albicans strain most easily analysed, homologous recombination is much less frequent than integrase-mediated integration.
Each retrotransposon family of S.cerevisiae and S.pombe shows a distinct integration site preference. While targeting of Ty3 is highly specific (35) , the other elements appear to be targeted, in a less stringent fashion, to particular genomic environments, such as intergenic regions (6) . This imprecise targeting, such as found here for Tca2, suggests that the integration is not occurring through the recognition of specific sequence elements, to which the integrase is binding. While the integration pattern of Tca2 and other retroelements appears imprecise, there is, however, some degree of targeting, since integration is clearly not randomly distributed throughout the genome. Ty3 has been shown to interact with Pol III transcription factors, thereby providing a mechanism for precise targeting to Pol III-transcribed genes (35) . Interactions between the integration machinery and host-derived DNA binding proteins are thought to be involved in the targeting of other retrotransposons. Such interactions presumably allow the integrases to become associated with genomic DNA, and therefore the targeting is dependent on the position at which the host proteins bind. Targeting of Tca2 is mostly within a few hundred base pairs of the transcription start site of Pol IItranscribed genes, suggesting a possible interaction between the integrase and a Pol II-associated transcription factor(s). The Tca2 integrase may interact directly with Pol II-associated transcription factors or the relaxation of the DNA caused by their binding might be important. Such a hypothesis could explain why integrations were observed within ORFs, where presumably no transcription factors are bound. In these cases integration could occur in association with transcription, with Pol II being responsible for relaxing the DNA.
It is clear from the 'foot-printing' analyses of Smith et al. (43) , that Ty1 insertion into S.cerevisiae ORFs can occur even though Ty1 more usually targets sites near tRNA genes. During growth of a Ty1-mutagenised population, those strains carrying insertions which are deleterious form an ever smaller proportion of the total. Those strains remaining exhibit a diminished set of insertion sites, as a result of selection against the strains carrying the deleterious insertions rather than as a result of any target specificity of the particular element. We do not consider that the integration bias we observed in the C.albicans Tca2 system is attributable to such selection, as C.albicans strains are all diploid, in contrast to the S.cerevisiae strains used by Smith et al. (43) . Selection is much less likely to operate against the integrations that will be present heterozygously in the diploid C.albicans.
In this paper we have demonstrated for the first time the activity of a C.albicans transposable element. This has been shown in hOG1042 by observing the unselected accumulation of additional Tca2 copies. Retrotransposition has also been shown in two other strains (H963R, W3) by the development of a retrotransposition assay. The evidence for the activity of the marked element employed in this assay is the appearance of new marked copies at a variety of loci, and the precise excision of an intron from the transposed copies.
The development of this assay system should enable a further dissection of the functional elements of Tca2: specific sites could be mutagenised to determine, for example, the key amino acid sequences involved in retrotransposition, and the mechanism by which the termination codon at the boundary of the gag and pol ORFs is bypassed. In addition to the study of Tca2, this system could be used to perform efficient random insertional mutagenesis of C.albicans. The distribution of Tca2 insertions observed here, suggests that gene expression and function might be affected for most insertions. Given the diploid nature of the C.albicans genome, however, it will also be necessary to develop strategies to bring these insertions to homozygosity or to develop haploid or partially haploid recipient strains. This may be achievable, given the recent reports suggesting the possibility of a sexual cycle for C.albicans (44, 45) .
